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ABSTRACT 



A microbiological assay investigatory apparatus has a source 
of electromagnetic waveform energy, a support and a linear 
color sensor. The support serves to hold a microbiological 
assay tray in a predetermined location relative to the source 
and to the sensor. The assay tray has different reaction 
chemicals and microorganisms of the same type in respec- 
tive wells or chambers. The linear color sensor is disposed 
in a predetermined position relative to the support and 
concomitantly the assay tray for receiving electromagnetic 
waveform radiation emanating from a linear array of the 
wells in response to waveform energy from the source. The 
linear color sensor generates a signal encoding colorimetric 
data pertaining to a series of samples lying along a line 
intersecting the linear array of the wells. 

19 Claims, 4 Drawing Sheets 
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AUTOMATIC MICROBIOLOGICAL color patterns that can greatly increase the accuracy of test 

TESTING APPARATUS AND METHOD result determinations. 

BACKGROUND OF THE INVENTION OBJECTS OF THE INVENTION 

The present invention relates to a microbiological testing 5 ^ 0 t,j ect 0 f tne pre sent invention is to provide an 

apparatus arid an associated method. More specifically, the improved apparatus and/or associated method for microbio- 

present invention relates to an apparatus and associated logical testing. 

method for use in identification and antibiotic susceptibility objec , of ^ pr6S6m iDV6ntion ^ , 0 provide ^ 

testing of samples, such as those from patients possibly essentially automated microbiological testing apparatus and/ 

infected by a microorganism. 1° or method wberein color detecting evaluation is per- 

A substantial portion of microbiological sample testing formed automatically, 

currently performed relies on the visual inspection of assay A object of , he , mvention is t0 provide such 

weUs to determine the possible presence of color changes M automa[ed microbiologica , teslin g apparatus and/or 

mdicaUng that particular chem.cal reacUons ^have occurred. melhod wherein motors and 0 , her movi are 

The chemical reactions indicate that microbial samples in minimized> if not eliminated, 

the wells have consumed or produced certain chemical , 

compounds giving rise to respective color changes in respec- ^ addltl0nal object of the present invention is to provide 

live wells of the assay tray. This method is expensive and such u an automated microbiological [testing apparatus and/or 

time consuming. Personnel must be trained to distinguish meth l od f wherem results are ^termined based on as 

closely related colors. In addition, the visual monitoring of 20 much ^ormational experience as possible, 

assay wells takes considerable time even for experienced Yet another object of the present invention is to provide 

personnel. such an automated microbiological testing apparatus and/or 

Many automated systems have been proposed and/or mcthod whercin disadvantages of cameras, referred to 

developed for reading results of microbiological test above, are partially, if not completely, eliminated, 

samples for providing information on the identification of These and other objects of the present invention will be 

the causative organism, and the susceptibility of that organ- apparent from the descriptions and illustrations provided 

ism to various antimicrobial agents. It is desirable to use herein. 

automated systems to read test results to minimize the thjipp npcrunmriM 

subjective conclusions from technicians regarding color, 3Q 

color patterns, and or optical density in an assay well. A microbiological assay investigatory apparatus 

Several proposed or existing automated systems include comprises, in accordance with the present invention, a 

moving of the assay trays and sensors relative to one source of electromagnetic waveform energy, a support and a 

another. Of course, such systems, with their motors and linear color sensor. The support serves to hold a microbio- 

moving parts, require costly and complex servicing. 35 logical assay tray in a predetermined location relative to the 

Accordingly, it is not only desirable to arrive at test results source and to the sensor. The assay tray has different reaction 

very rapidly, but it is also advantageous to eliminate motors chemicals and microorganisms of the same type in respec- 

and minimize moving parts that require costly and complex tive wells or chambers. The linear color sensor is disposed 

servicing. in a predetermined position relative to the support and 

U.S. Pat. Nos. 4,720,463, 4,724,215, and 4,865,973 40 concomitantly the assay tray for receiving electromagnetic 

describe an apparatus and method that relies on a camera waveform radiation emanating from a linear array of the 

producing a two dimensional image or picture, which is then wells in response to waveform energy from the source. The 

analyzed. That apparatus and method have not achieved a hnear col ° r f cnsor generates a signal encoding colorimetric 

broad commercial success due to inherent difficulty in dala pertaining to a series of samples lying along a line 

reading multiple tests at one time in elongated trays, due to 45 intersecting the linear array of the wells, 

distortion by the camera lens of objects at the edges, broad Preferably, there are two separate sources of electromag- 

variation in colors and intensity across a broad range has netic waveform energy, one generating electromagnetic 

tended to reduce the quality of image, and the quantity of waveform energy in an ultraviolet frequency band and the 

data in two dimensional images entails a high degree of other generating electromagnetic waveform energy in a 

complexity in transmission and microprocessor analysis of 50 visible frequency band. It is contemplated that the ultraviolet 

that two dimensional data if it is to be utilized maximally. energy source is located above and lateral to the assay tray, 

U.S. Pat. No. 5,340,747 describes an apparatus and wnu * e tne visible -light source is disposed below the assay 

method that requires a narrow band light source and a tray. A screen is insertable between the visible-light source 

narrow band filter which essentially eliminates the ability to a ° d the sensor to selectively block light emitted by the 

detect and analyze a broad range of colors or color patterns. 55 visible-light source. This blocking facilitates detection by 

U.S. Pat. No. 4,676,951 describes a complex highly the xnsot of low intensity radiation emanating from the 

mechanized apparatus that relies on a relatively commonly wells in the linear array in response to the ultraviolet 

approach of optical diode light detectors. This approach has radiation. 

the disadvantage that high quality diodes are often costly. A fil ter may be positioned between the ultraviolet energy 

Moreover, to eliminate placement of multiple diodes, at least 60 source and the sensor for blocking UV radiation from 

one per sample chamber, a tray of test chambers is generally reaching the sensor. This measure ensures that the sensor 

moved by motors at a given rate under the light detectors). does not have a data distorting output owing to the effect of 

This solution adds significant cost and servicing problems. the ultraviolet light on the sensor components. 

Optical diodes have a very major limitation in this applica- The signal from the sensor encoding the colorimetric data 

tion in that they only record the average light collected at a 65 is an analog signal which is transformed to a binary or digital 

single spot or area around a spot; they are unable to collect signal via an analog-to-digital converter. This digital colo- 

enough information in a given test chamber to distinguish rimetric signal is then fed to a storage component or buffer 
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register. The buffer register is connected to a computer or electromagnetic waveform energy, (ii) holding a microbio- 

digital processor which performs a color analysis. logical assay tray in a predetermined location relative to the 

Hie colorimetric data from the linear color sensor is in the source, the assay tray having different reaction chemicals 

form of RGB (red, green, blue) magnitudes. The computer and microorganisms of the same type in respective wells or 

includes software-modified digital processing circuits for 5 chambers, and (iii) operating a linear color sensor to receive 

converting the RGB magnitudes to HSI (hue, saturation, electromagnetic waveform radiation emanating from a lin- 

intcnsity) values. In the memory of the computer or proccs- ear array of the wells in response to waveform energy from 

sor are stored previously determined data identifying, for me ^ t0 g ene rate a signal encoding colorimetric 

each of the wells, a region in HSI space representing a data per taining to a series of samples lying along a line 

positive chemical reaction result for the respective well. By 1Q mtersecting the linear my of ^ welis . 

HSI space is meant a collection of all possible HSI ordered „ r _ , , , 

triplets (all possible combinations of hue, saturation, and t P™ 1 "* to a of the P reseDt invention, the method 

intensity). A region of positive test results in HSI space for ***** mcMes ( iv ) automatically converting the RGB 

a given assay well is a subset of HSI ordered triplets (hue, magnitudes to HSI values, (v) storing previously determined 

saturation and intensity values). If a particular test result, data identifying, for each of the wells, a region in HSI space 

i.e., a particular combination of hue, saturation and intensity 15 representing a positive chemical reaction result for the 

for a selected assay well, falls within the "positive" region respective well, and (vi) analyzing an HSI value from a 

for that well, then a chemical reaction has occurred in that selecled wel1 ^ relatioD 10 lhe respective region in HSI space 

we rj to determines whether the HSI value from the selected well 

The computer or processor additionally includes falls within the respective region in HSI space, 

software-modified digital processing circuits for determin- The present invention greatly simplifies the mechanical 

ing whether an HSI value from a selected well falls within design and reliability of software -implemented (automatic) 

the respective "positive" region in HSI space. Generally, test result analysis, by using a linear color sensor that is held 

each selected well of the assay test tray carries a chemical in a fixed position relative to the sample test chambers to 

solution of a certain color, which can be associated with a provide only one line of high quality color information. This 

respective region in HSI space. Thus, if a particular HSI test simplified design reduces manufacturing and servicing costs 

result for that selected well falls within the respective and tends to increase reliability of the apparatus in commer- 

beginning color region, where no reaction has occurred, then applications. 

there is clearly a negative test result. If a particular HSI test The present invention also enables positioning the linear 

result for the selected well falls outside both the negative and 3Q sensor at a fixed distance from the object that allows the 

the positive regions in HSI space, then several different assay wells to be illuminated using deflected light from 

approaches are available for identifying the test result. One above and adjacent to the tray of wells, and/or using 

approach is to specify the test result as indeterminate transmitted light from beneath the tray of wells, thus 

(neither positive nor negative). Another approach is to providing, with one fixed linear sensor array system, the 

designate all areas outside the particular positive and nega- ^ ability to read a very broad range of light wavelengths, thus 

tive regions in HSI space as being negative test results. Yet enabling a broader range of test samples to be read. The 

another approach to is designate an unclear result as being holder member is positioned at a height above the object 

positive if it is close enough to the positive region in HSI such that the focusing lens captures light from wells and 

space, for example, if the unclear result is closer to the directs it into the linear color sensor. The linear color sensor 

positive region than to the associated negative region. This 4Q assembly is a very simple device and usually contains a slit 

determination can be implemented by two straightforward mask to block background light and thereby shine only a line 

distance determinations and a comparison of the two calcu- of light on the sensor array. A broad band -pass-type light 

lated distances. filter may also be positioned in front of the linear sensor to 

Where the assay tray contains chemical test wells dis- block broad regions of the light spectrum if they would tend 

posed in a plurality of linear arrays (rows, columns), there is 45 to interfere with appropriate sample well color detection. A 

preferably provided a plurality of linear color sensors dis- substantially automated apparatus and associated method for 

posed in respective predetermined positions fixed relative to microbiological testing in accordance with the present 

the tray support and concomitantly the assay tray for simul- invention has advantages of speed, accuracy, and reduced 

taneously receiving electromagnetic waveform radiation overall costs. In addition, because an apparatus in accor- 

emanating from respective linear arrays of the wells and for 50 dance with the present invention has essentially no moving 

generating respective signals encoding colorimetric data parts, the apparatus does not require expensive maintenance 

pertaining to respective series of samples lying along respec- and repair. The computer's memory can be easily updated to 

tive lines intersecting the respective linear arrays of the incorporate more precise definitions of "positive" test 

wells. regions, thereby increasing accuracy of the apparatus and 

It is to be emphasized that the output from a sensor used 55 associated method with increasingly accumulated test data, 

in the present invention is a series of samples extending Thus, test results are determined based on as much infor- 

along a line. mational experience as possible. 

Preferably, a lens is positioned between the support and In an apparatus and associated method for microbiologi- 

the sensor for focusing light from the wells on the sensor. cal testing in accordance with the present invention, the 

Thus, the sensor can have a length considerably shorter than 60 disadvantages of cameras are partially, if not completely, 

the distance between the first and the last wells in the eliminated. 

respective linear array of wells on the test tray. Also, a mask OF SCRIPT! ON OP THF nRAWTNJfX 

is advantageously disposed between the tray support and the BRIEF D£ SCR IP ™N OF THE DRAWINGS 

sensor for reducing background light from reaching the FIG. 1 is a block diagram of a microbiological testing 

sensor. 65 apparatus in accordance with the present invention. 

A microbiological assay investigatory method comprises, FIG. 2 is an isometric diagram, showing essential com- 

in accordance with the present invention, (i) generating ponents of an embodiment of the present invention. 
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FIG. 3 is a block diagram of software-implemented com- operations thereof with the actuation of shutter 54 so that for 

puter modules in a computer or processor connected to the each assay tray 14 disposed on support 10, each well has two 

apparatus of FIG. 1 or included in the apparatus of FIG. 1. sets of RGB values, one generated in response to the 

FIG. 4 is a diagram of HSI (hue, saturation, intensity) irradiation of wells 26 by visible light from source 18 and 

space with schematically indicated regions in that space 5 the other generated in response to the irradiation of wells 26 

representing positive and negative chemical reaction results by ultraviolet energy from source 16. 

for a selected well of an assay tray illustrated in FIGS. 1 and As indicated in FIGS. 1 and 2, it is contemplated that 

2. ultraviolet energy source 16 is located above and lateral to 

FIG. 5 is a diagram representing a constant intensity (I) assay tray 14, while visible-light source 16 is disposed 

plane through the HSI space illustrated in FIG, 3. 10 below assay tray 14. However, other relative positions are 

FIG. 6 is a functional block diagram similar to, but more possible. A screen 58 is provided between ultraviolet energy 

detailed than FIG 3 source 16 and sensor assemblies 20, 22, and 24 for blocking 

UV radiation from reaching the sensors. This measure 

DESCRIPTION OF THE PREFERRED ensures that sensor assemblies 20, 22, and 24 do not have a 

EMBODIMENTS 15 data distorting output owing to the effect of the ultraviolet 

As illustrated in FIG. 1, an automated microbiological h S ht on the sensor components, 

testing apparatus comprises a support element 10 attached to The RGB data in registers 40, 42, and 44 is converted into 

a frame or housing 12 for holding a microbiological assay ordered triplets in HSI (hue, saturation, intensity) space, that 

tray 14 in a predetermined location fixed relative to a source is, each set of red, green, and blue intensity values is 

18 of visible light (electromagnetic waveform energy), a 20 transformed into a corresponding set of hue, saturation, and 

source 16 of ultraviolet electromagnetic waveform energy intensity values, by and external computer 60. As illustrated 

and a plurality of linear color sensor assemblies 20, 22, and in FIG. 3, computer 60 (or microprocessor 46) includes a 

24. Sources 16 and 18, as well as assemblies 20, 22, and 24, software-modified digital processing circuit or module 62 

are mounted to frame or housing 12. for converting the RGB magnitudes to HSI (hue, saturation, 

Assay tray 14 is a commercially available product which 25 intensity) values. A memory 64 of computer 60 or processor 

has a plurality of wells or chambers 26 which carry different 46 stores previously determined colorimetric reference data, 

reaction chemicals and microorganisms of the same type. The colorimetric reference data in memory 64 identifies, 

The microorganism is obtained from a patient, in which case for each well 26 of each assay tray 14, a region 66 (FIG. 4) 

the assay tray is used to identify the microorganism. 3Q in HSI space 68 (FIG. 4) representing a positive chemical 

Alternatively, a known microorganism is being tested for its reaction result for the respective well 26. By "HSI space" 68 

susceptibility to different drugs. is meant a collection of all possible HSI ordered triplets (all 

linear color sensor assemblies 20, 22, and 24 receive possible combinations of hue, saturation, and intensity), 

electromagnetic waveform radiation which is emitted from Region 66 of positive test results in HSI space 68 for a given 

wells in respective linear arrays 28, 30 and 32 in response to 35 assa y wel1 is a ^ bs&i of HSI ordered triplets (hue, saturation 

ultraviolet waveform energy from source 16 or visible and intensity values). If a particular test result, i.e., a 

waveform energy from source 18. In response to incoming particular combination of hue, saturation and intensity for a 

light energy, linear color sensor assemblies 20, 22 and 24 selected assay well, falls within the "positive" region 66 for 

generate respective RGB (red, green, blue) signals encoding that well > lhen a chemical reaction has occurred in that well, 

colorimetric data which pertain to respective series of 40 It is to be noted that the graphic representation of HSI 

samples lying along lines intersecting the wells of respective space 68 shown in FIG. 4 is one of several possible graphic 

linear arrays 28, 30, and 32. Accordingly, each set of red, representations. For mathematical purposes, it is easier to 

green and blue magnitudes or intensities encoded in analog work with HSI space if the space is represented in cylindri- 

voltages from linear color sensor assemblies 20, 22, and 24 cal coordinates. In that case, the intensity dimension lies 

corresponds to a single sample along a line extending 45 along the axis of a cylinder, while the hue dimension is an 

through the wells of a linear well array 28, 30, and 32. angle about the axis and the saturation is a distance along a 

Linear color sensor assemblies 20, 22, and 24 are opera- radius 1™. A more a ccurate representation of HSI space 

tively connected at respective outputs to respective analog- mav °e a pair of cones tapering down in opposite directions 

to-digital converters 34, 36, and 38 which transform the awa Y from a common plane. The intensity dimension lies 

analog RGB magnitudes to digitally encoded values. These 50 alon S a common axis of two cones, while the hue value of 

digital RGB values are temporarily stored in buffer registers a P omt m the H ^I space corresponds to an angle about the 

40, 42, and 44 prior to transmission to a general purpose ^ s °f a radius line to the point and the saturation is a 

computer (not shown) or a microprocessor 46 attached to proportion of (1) the distance to the point along that radius 

frame or housing 12. Each analog- to-digital converter block nne 10 (2) the distance to an outer surface of the space along 

34, 36, and 38 shown in FIG. 1 generally comprises three 55 that radius line thc radius of the circular section in a 

converter units dedicated to the red, green, and blue signals, pl ftne transverse to the common axis), 

respectively. Likewise, buffer registers 40, 42, and 44 each Computer 60 or processor 46 additionally includes a 

include three register units and have three-lead output mul- software -modified digital processing circuit or module 70 

tiples 48, 50, and 52, respectively. for determining whether an HSI value from a selected well 

Because light energy emanating from wells 26 in response 60 falls within the respective "positive" region in HSI space, 

to visible light energy from source 18 is so much more Generally, each selected well 26 (FIG. 1) of an assay lest 

intense than the light emitted by the wells in response to tray 14 carries a chemical solution of a certain color, which 

ultraviolet radiation from source 16, a shutter 54 is provided can be associated with a respective "negative" region 72 in 

to selectively block light from source 18 from reaching wells HSI space 68 (FIG. 4). Thus, if a particular HSI test result 

26. Shutter 54 is operated by an actuator 56 under the control 65 for that selected well falls within the respective beginning 

of local microprocessor 46. Microprocessor 46 is connected color region 72, then there is clearly a negative test result (no 

to buffer registers 40, 42, and 44 for coordinating the storage reaction). If a particular HSI test result for the selected well 
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falls outside both the negative region 72 and the positive as HSI (also known as HSV), LAB, LUV and Munsell offer 

region 66 in HSI space 68, then several different approaches improved perceptual uniformity. It is also easier to compen- 

are available for identifying the test result. One approach is sate for many artifacts and color distortions in color spaces 

to specify the test result as indeterminate or undecided other than RGB. 

(neither positive nor negative). Another approach is to 5 An algorithm executed by converter 62 (FIG. 3) or 

designate all areas outside the particular positive and nega- transform module 104 (FIG. 6) for implementing a conver- 

tive regions in HSI space as being negative test results. Yet s i on 0 f rgb values to HSI values may proceed as follows, 

another approach to is designate an unclear result as being Ut ordered triplet fc b) repr esent a color point in RGB 

positive if it is close enough to the positive region in HSI spacc and lct ordcrcd ^ lct (h> s> i} rcprcscnt te thc 

space, for example, if the unclear result is closer to the 1Q ^^po^g or trans formed color point in HSI space, 

positive region than to the associated negative region. This From a or point ^ g> b) dcfined such that (r> g( b)e(M) 

determination can be implemented by two straightforward thc correspondm g triplet or point (h, s, i) can be obtained as 

distance determinations and a comparison of the two calcu- folbwSj whcrc he(MJ( and { ^ (scc Measuring 

lated distances. The distance calculation and the comparison c<?/t?/% HuQtj R w G John wilcy & SonS( 1989) . 
may be executed by circuit or module 70 during the taking 15 

of test results. Alternatively, the distance determinations and 

comparisons may be performed beforehand, prior to the i - max (r, g, b) 

collection of test data. This prior determination results in a ^ Tnmm - » - MIN & b ); thcn s - mmm/L 

table, stored in member 64 of computer 60 or microproces- Jf 1 rl " (i 0° /m T' ^J* ^"""f* ^ " (i " b)/mmm ' 

' . . Jf i_ 11 • toen if r = Max and g»Mu) then b » 5 + bl, 

sor 46, whereby each triplet in HSI space for each well is ^ else if r - Max and g - Min then h - i - g i t 

assigned a positive or negative value. Then, when HSI test else if g - Max and b - Min then h - l + rl, 

data arrives via module 62, circuit or module 70 need only else if g = Max and b * Min then h - 3 - bi, 

consult the table in memory 64 to ascertain whether a else if b - Max and r - Min then h - 3 + gi f 

. . J . else h - 5 - rl. 

positive test result has occurred. 

FIG. 2 shows a specific embodiment of the microbiologi- 2 $ 

cal testing apparatus of FIG, 1, with only one sensor In general, r, g, and b samples in real images arc all 

assembly 20 being depicted for purposes of simplicity. A quantized into 0-255, while h, s, and i samples are quantized 

mirror 74 is disposed along a light ray path 76 extending into 0-360, 0-100, and 0-100, respectively, 

from wells 26 in linear array 28 of tray 14. Assembly 20 (as Functions performed by de terminator module 70 in FIG. 

well as assemblies 22 and 24) includes a lens 78 positioned 3D 3 are performed by three software-determined digital pro- 

between support 10 and a linear color sensor chip 80 for cessing circuits 106, 108, and 110. Circuit 106 is a repre- 

focusing light from wells 26 of array 28 onto sensor chip 80. sentative color selector which mathematically combines a 

Thus, sensor chip 80 can have a length dl considerably plurality of HSI values from a sequence of HSI values 

shorter than the distance d2 between the first and the last coming from the same well 26 in tray 14. Selector 106 

wells in array 28. A mask 82 with a slit 84 is advantageously 35 calculates a representative value HSI value as a first order 

disposed between tray support 10 and sensor chip 80 for statistical value such as a mean or median. The median is 

reducing background light from reaching sensor chip 80. preferred since it guarantees the existence of the represen- 

FIG. 5 shows a triangular locus or subset 86 of HSI tative color in the sample region, 

triplets having a single intensity value in HSI space. A point The representative color sample in HSI space is transmit - 

P represents a particular HSI triplet having that single 40 ted from selector module 106 to software-determined digital 

intensity value. A center point CP represents an HSI triplet processing circuit 108 which is a color distance measure- 

which has no saturation value and no hue and thus corre- ment module. Basically, circuit or module 108 compares 

sponds to a gray tone. A line 88 through points P and CP each incoming representative HSI sample with color 

makes an angle a in plane 86 about point CP. That angle a samples in a color template profile (regions 66, 72 in FIG. 

corresponds to the hue value of point P. The proportion of (1) 45 4) in a computer memory 112, with the comparison criterion 

the distance of point P from center point CP to (2) the being a distance measure. The most commonly used distance 

distance between the center point CP and a boundary point measure is Euclidean distance which represents the actual 

BP along the same radial line represents the saturation value distance between two points in a three-dimensional color 

of point P. Circles 90 and 92 represent the intersections of space. 

regions 66 and 68 with plane 86. Corners of locus or subset 50 The color distance measurement or calculation is imple- 

86 represent pure red, green and blue (R, G, B) hues. mented as follows. Let p(b, s, i) and q(h, s, i) represent two 

FIG. 6 is a functional block diagram similar to, but more color points or triplets in HSI space. Then the Euclidean 

detailed than, FIG. 3. The RGB color signals carried on distance d between the color points or triplets p and q is 

multiples 48, 50, and 52 may be fed to an optional non-linear defined as: 
filter 102 for eliminating noise patterns generated in the 55 

scanning process. Filter 102 operates on all three color <P(p, <?)=. z .{pj-qj) 2 

channels for each sensor assembly 20, 22, and 24 (FIG. 1). ; "^ 5 '' 
Color median filtering of radius 2 achieves good results. 

As further illustrated in FIG. 6, the filtered RGB signals Various combinations of HSI channels may be used for 

are fed to a color space transform module 104 which is 60 distance measurement based on the training samples, to 

identical to converter 62 in FIG. 3. The color space trans- eliminate any uncorrelated channels in distance computa- 

form is a key step to be performed by computer 60 or tion. 

microprocessor 46. RGB is the most commonly used color It is to be noted that each region 66 and 72 in HSI space 

sample space. However, RGB space is not perceptually may be reduced to a single point, assuming that the various 

uniform. This means that distance functions defined in RGB 65 regions 66 and 72 are spheres of a common radius. In that 

space will not be satisfactory because perceptual distance is case, for each incoming HSI sample, module 108 makes two 

a function of position in RGB space. Other color spaces such distance computations. The results of the distance compu- 
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tations are delivered to software-determined digital process- refinement procedure, the boundaries of the regions may be 

ing circuit 110 which implements a colorimetric decision for defined as encompassing 98% of all samples. The extents of 

each well 26 in an assay tray 14 in response to the distance the positive-and negative-result regions 66 and 72 may then 

measurements made by module 108. Module 110 subtracts be expanded by a "lose factor" (e.g., 10%) to better define 

one distance value from the other to derive a difference 5 the statistically derived boundaries. The bad-sample elimi- 

value. Module 110 also averages the distance values. If the nalioo percentage, as well as the "lose factor," can be 

ratio of the distance difference to the distance average is less allotted different magnitudes depending on further empirical 

than a predetermined fraction (e.g., 0.1), then the respective evaluation 

incoming HSI sample is taken to have the result of the closer ' 

region (66 or 72). If the ratio of the distance difference to the ,„ J a 50,1,6 onc or J . ,wo of ^, c ° lor channels ° r 

distance average is greater than the predetermined fraction 10 d™<™s of the three dimensional HSI space may be 

(0.1), then the respective incoming HSI sample is taken to superfluous to the evaluation of microbiological test resute 

have an undecided or indeterminate value. For exam P le - factory results can be obtained in HSI 

„ ... n j i * £c j c space even if the intensity dimension is ignored or elimi- 

Positive-result and negative-result regions 66 and 72 of *\ , . . ,- . , , 

uci r j * 11 j u £ju nated. In this case, the distance computation can be limited 

HSI space are iormed empirically and can be refined by an _ ,. T , , , , 

. r ,. j . . j * *i l t i 15 to two dimensions. In general, whether one or two color 

iterative process discussed in greater detail below. As a . . . ° ' , ........ 

. „ t . c ° , .... . channels or dimensions may be omitted or eliminated in the 

general matter, the more reference samples which have been , c i ■ * .j. u ^. j 

ii * j * ac -4- i* j i. evaluation of the colorimetric test data can be determined 

collected to define positive -result and negative-result 4 c it _ ,.„, . . . , - 

/• g. j m i . . « j - - - experimentally for the different commercial brands of 

regions 66 and 72, the more accurate the definitions oi the • u* i ■ i 

" , , iL . jcjl c microbiological assay trays, 

regions, whether those regions are defined by surfaces in 2D & J J 

HSI space or merely by a single ordered (h, s, i) triplet h is t0 be noted lhat chi P s 80 ( nG - 2 ) m disposed 

representing the center of a sphere having a common radius m respective fixed positions relative to test tray 14 during 

or by some other criteria. If the positive-result and negative- reading of test results. The fact that the linear array color 

result regions 66 and 72 in HSI space are different from one sensor chi P s 80 are substantially fixed relative to each linear 

another (have different radii or different shapes), the distance 2S arra y 28 > 3°» 32 of wells 26 durin § the wading process 

measurement or calculation implemented by module 108 eliminates the need to move an optical detector device from 

may be weighted by a value obtainable during a represen- weU t0 weU > or move the tra y of test weUs under the °P tical 

tative color selection step in the calibration of the device. detector, as is common with the optical diode approach. 

As illustrated in FIG. 6, computer 60 or microprocessor Movement of the test sample tray or the optical detector 

46 may include a module 114 for updating the color template 30 deV ' CC * crmcal Wlth lhe °P tlcal m i8 e scanaer a PP/ oach t0 

profile, for example, to account for shifts in color sample a two ^mensional unage. The approach of using a 

distributions over time. Module 114 leads to the improve- Vlde0 cam " a also Produces a two dimensional image of the 

ment of colorimetric test results over the long term. Module tra y Wlth the camera device bem 8 stationary during reading 

114 enables the operator to selectively rewrite the contents of the ^ camera and scanner ima S e aQalvsis 

of memory 112, to change the distance algorithm followed 35 a PP roach > however > res ^ exponential increase in the 

by module 108, and to alter the decision criteria followed by data S eDeratcd compared to the one dimensional linear color 

module 110. For example, instead of dividing HSI space into analvsis a PP roach described herein. Image processing 

roughly equal positive -result and negative result zones sepa- ceases greatly the complexity of analysis, especially in 

rated by a generally plate-shaped subset of undecided or microbiological assays where color matching and only very 

indeterminate HSI points, as discussed above with reference 40 basi * P^s are of interest Camera images often also 

to FIG. 6, decision module 110 might compare (a) the produce difficulties in reading the test chambers on the edges 

computed distance of an HSI sample point from the center of lar S er c ob J ects due 10 0 P l r lcal distortion by the lens at the 

of the positive-result region and (b) the radius of the ed S es of P icture ' or loss of ^solution if the image size is 

positive-result region to determine whether the sample point reduced. 

falls within that (spherical) region. If so, the HSI sample 45 The microbiological test evaluation apparatus described 

represents a positive test result. If not, the HSI sample herein is specifically useful in detecting a very broad range 

represents a negative test result, as discussed above with °£ colors and color patterns from a plurality of microbio- 

reference to FIG. 4. logical reaction chambers. 

A training program for refining the definitions of positive- The present invention greatly simplifies the mechanical 
result and negative-result regions 66 and 72 of HSI space for 50 design relative to existing apparatus and results in better 
the different wells 26 of a type of an assay tray 14 comprises quality of data relative to both camera and scanner two 
an iterative or recursive process wherein an initial color dimensional images and single spot diode analysis. This 
template profile is obtained from representative colors simplified design reduces manufacturing and servicing cost, 
(mean HSI values) of one or more groups of color evaluating and tends to increase reliability of the apparatus in a corn- 
personnel. This initial color template profile is used to 55 mercial application. 

evaluate a large number of samples including those known Although the invention has been described in terms of 

results using algorithms set forth above, thereby obtaining a particular embodiments and applications, one of ordinary 

new classification or result group. Representative colors skill in the art, in light of this teaching, can generate 

(means) are computed for these result groups, the represen- additional embodiments and modifications without depart- 

tative colors being used to form a new color template profile, so ing from the spirit of or exceeding the scope of the claimed 

This procedure is repeated, utilizing a K-mean methodology, invention. For example, although HSI (HSV) space is dis- 

until the result group is stable, i.e., until there are no closed above for the determination of colorimetric test 

differences between the previous result group and the new results, other color spaces or coordinates systems could be 

result group. used, such as LAB, LUV, or Munsell. Of course, although 

In defining positive- and negative-result regions 66 and 65 positive- and negative-result regions 66 and 72 are partial - 

72, statistical tools may be used to eliminate bad samples. larly described as being spherical, other shapes for those 

For example, for any given iteration of the recursive region regions are possible, depending on the empirical data used 
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to define the regions. Regions 66 and 72 may be ellipsoidal including first software -modified digital processing circuits 

or kidney-shaped, as examples. Accordingly, it is to be for converting said RGB magnitudes to HSI values, said 

understood that the drawings and descriptions herein are computer or processor further including a store of previously 

offered by way of example to facilitate comprehension of the determined data identifying, for each of said wells, a region 

invention and should not be construed to limit the scope 5 m HSI space representing a positive chemical reaction result 

thereof. for the respective well, said computer or processor addition- 

What is claimed is: a Uy including second software-modified digital processing 

1. A microbiological assay investigatory apparatus com- circuits for delermining whether an HSI value from a 

pnsing: selected well falls within the respective region in HSI space, 

a source of electromagnetic waveform energy; 10 10 A microbiological assay investigatory method com- 

a support for holding a microbiological assay tray in a prising: 

location relative to said source said assay tray having generating electromagnetic waveform energy; 

different reaction chemicals and organism components , , , 

of the same type in respective wells or chambers; holdm 8 • microbiological assay tray u. a location relative 

. . £ j • j . . u . to said source, said assay tray having different reaction 

a linear light sensor fixed in a predetermined position 15 u ♦ 1 • . c ,u 

. . t -j . A . Y7 chemicals organism components of the same type in 

relative to said support and concomitantly said assay or ;r 



- . . , c J j. ■ respective wells or chambers; 

tray for receiving electromagnetic waveform radiation ... . 

emanating from a linear array of said wells in response operating a linear light sensor to receive electromagnetic 

to waveform energy from said source during a scanning waveform radiation emanating from a linear array of 

or reading of said wells and for generating a signal 20 ^ wells 1D res P° Dse lo waveform ™ C W from 

encoding colorimelric data pertaining to a series of source and 10 g enerale a S1 g nal encoding colonmetnc 

samples lying along a line intersecting said linear array data Pertaining to a series of samples lying along a line 

of said wells* and intersecting said linear array of said wells; and 

a computer or digital-processor connected to said sensor operating a computer or digital processor, connected to 

and programmed to analyze said colorimetric data to 25 ^ sensor » t0 analvze said colorimetric data to deter- 

determine the existence of possible color changes in aid mme the existence of possible color changes in said 

wells resulting from chemical reactions induced by said wells resulting from chemical reactions induced by said 

organism components. organism components. 

2. The apparatus defined in claim 1 wherein said source is 11 ^ method defined ^ claim 10 wherein the gener- 
one of a first source and a second source, said first source 30 atin g of waveform energy includes producing electromag- 
generating electromagnetic waveform energy in an ultravio- netic waveform energy in an ultraviolet frequency band and 
let frequency band and said second source generating elec- m a frequency band. 

tromagnetic waveform energy in a visible frequency band. 12 ^ method defined m claim 11, further comprising 

3. The apparatus defined in claim 2, further comprising a the stc P of selectively preventing irradiation of said wells by 
screen insertable between said second source and said sensor 35 electromagnetic waveform energy in said visible frequency 
to selectively block light from said second source, thereby band > thcreb y facilitating detection by said sensor of low 
facilitating detection by said sensor of low intensity radia- intensity radiation emanating from said wells in said linear 
tion emanating from said wells in said linear array in arra y m response to waveform energy in said ultraviolet 
response to waveform energy from said first source. frequency band. 

4. The apparatus defined in claim 2, further comprising a 40 13 n * method defined in claim 11, further comprising 
filter positioned between said first source and said sensor for usin § a filter t0 block W radiation from reaching said 
blocking UV radiation from reaching said sensor. sensor. 

5. The apparatus defined in claim 2, wherein said first 14 7116 method defined in claim 11, wherein the electro- 
source is positioned above said support and concomitantly magnetic waveform energy in said ultraviolet frequency 
said assay tray in a location laterally displaced from said 45 band is emitted from a location above and laterally displaced 

support. b° m said 

6. The apparatus defined in claim 1, further comprising 15 ^ method defined in claim 10 wherein said linear 
storage means connected to said sensor for temporarily U S ht sensor is one ol a plurality of linear light sensors 
storing colorimetric data and transmitting said colorimetric disposed in respective positions fixed relative to said assay 
data to a computer or digital processor for analysis. 50 ^y, further comprising operating said sensors to simulta- 

7. The apparatus defined in claim 1 wherein said linear neously receive electromagnetic waveform radiation ema- 
light sensor is one of a plurality of separate linear fight natirj g from respective linear arrays of said wells and to 
sensor units disposed in respective positions fixed relative to generate respective signals encoding colorimetric data per- 
said support and concomitantly said assay tray for simulta- tamm S t0 respective series of samples lying along respective 
neously receiving electromagnetic waveform radiation ema- 55 ^ intersecting the respective linear arrays of said wells, 
nating from respective linear arrays of said wells and for ^ e method defined in claim 10, further comprising 
generating respective signals encoding colorimetric data focusing light from said weUs on said sensor, also compris- 
pertaining to respective series of samples lying, along m S reducing background light from reaching said sensor, 
respective fines intersecting the respective linear arrays of 17 ^ method defined in claim 10 wherein said colon- 
said wells. 60 metric data is in the form of RGB magnitudes, also com- 

8. The apparatus defined in claim 1, further comprising a pnsing: 

lens positioned between said support and said sensor for automatically converting said RGB magnitudes to color 

focusing light from said wells on said sensor, also compris- point values in a color space; 

ing a mask disposed between said support and said sensor storing previously determined data identifying, for each 

for reducing background light from reaching said sensor. 65 of said wells, a region in said color space representing 

9. The apparatus defined in claim 1 wherein said colori- a positive chemical reaction result for the respective 
metric data is in the form of RGB magnitudes, said computer well; and 
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analyzing a color point value from a selected well in 
relation to the respective region in said color space to 
determine whether the color point value from the 
selected well falls within the respective region in said 
color space. 5 

18. The method defined in claim 17 wherein said analyz- 
ing of the color point value from the selected well includes 
computing a distance in said color space between the color 
point value from the selected well and the respective region. 

19. A microbiological assay investigatory method com- 10 
prising: 

generating electromagnetic waveform energy; 

holding a microbiological assay tray in a location relative 
to said source, said assay tray having different reaction 
chemicals and organism components of the same type 15 
in respective wells or chambers; 

operating a color sensor to receive electromagnetic wave- 
form radiation emanating from said wells in response to 
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waveform energy from said source and to generate a 
signal encoding RGB colorimetric data pertaining to 
chemical reactions in respective ones of said wells; 

automatically converting said RGB magnitudes to color 
point values in a color space; 

storing previously determined data identifying, for each 
of said wells, a region in said color space representing 
a positive chemical reaction result for the respective 
well; and 

analyzing a color point value from a selected well in 
relation to the respective region in said color space to 
determine whether the color point value from the 
selected well falls within the respective region in said 
color space. 

***** 
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